Panicle branchiness is one of the key characters specifying rice yield. To understand the potential of panicle branchiness, the diversity of panicle branching patterns was investigated in 43 accessions of 19 wild Oryza species and 27 accessions of O. rufipogon, which is the wild ancestor of the Asian cultivated species O. sativa. All these accessions were selected from a core collection of wild relatives of rice maintained at the National Institute of Genetics (NIG), Mishima, Japan. We found that panicles of wild Oryza species closely related to O. sativa generated primary branches with homogeneously large numbers of secondary branching organs, resulting in a truncated conical type of branching pattern. In contrast, panicles of distantly related wild species had primary branches with acropetally declining numbers of secondary organs toward the distal end of panicles, resulting in a conical type of branching pattern. The main axis meristem, which was aborted in closely related species, was converted into a terminal spikelet in distantly related species. Our data suggested that the panicle branching pattern evolved from conical to truncated conical in the genus Oryza. The possible advantage of a truncated-conical type of branching pattern for rice yield will be discussed.
Introduction
Rice (Oryza sativa L.) is one of the vital cereals, amounting to approximately 20% of world cereal production by weight (GIEWS Food Outlook Dec. 2009 ). Although rice production increased by 130% from 1966 to 2000, it will need to increase by 40% by 2030 to feed the growing population of rice consumers (Khush 1997) . To meet this demand, it is necessary to bring about higher potential of rice yield.
The number of grains is one of the important characters specifying rice yield. Rice sets one grain in one spikelet, a compound reproductive organ found in grasses. Therefore, the number of spikelets determines the number of grains. Because the spikelets are differentiated at the distal tip of several orders of branches in the panicle, a rice inflorescence, the number of spikelets is influenced by the branching pattern of the panicle. Accordingly, the panicle branching pattern is an important trait directly related to yield. Matsuba (1991) minutely observed the distribution of panicle branching organs, and revealed that a rice panicle consists of several hierarchical orders of branching stems (see Fig. 1 for reference). The rachis, a main stem of the panicle, has many primary branches (PBs). Each PB differentiates a primary spikelet (PS) at its distal tip and a number of secondary spikelets (SSs) on its lateral stems. The welldeveloped PB often differentiates several secondary branches (SBs) at its proximal region. The SB also has an SS at its distal tip and a few tertiary spikelets (TSs) on its lateral stems.
During the early stage of PB formation, the rachis meristem differentiates a certain number of PB meristems with a spiral phyllotaxy, and in cultivated rice, the rachis meristem is aborted and a vestige remains at the distal end of the rachis (Ikeda et al. 2004 , Komatsu et al. 2001 . Therefore, the number of PBs is determined by the timing of rachis meristem abortion in cultivated rice. The PB meristem differentiates a certain number of SS and SB meristems in a biased distichous phyllotaxy; however, this meristem is not aborted, but is converted into PS meristem (Ikeda et al. 2004) . Therefore, the number of SSs is determined by the timing of conversion of PB meristem into PS meristem. Similarly, SB meristem is converted into SS meristem (Ikeda et al. 2004) . The difference in the termination mode of meristems between the rachis and panicle branches indicates that the PB number is controlled by a regulatory mechanism independent of that controlling the number of secondary and higherorder organs in panicles of cultivated rice. The wild species of rice show a wide diversity in panicle branching patterns. The genus Oryza consists of two cultivated and more than 20 wild species (Khush 1997 , Vaughan et al. 2003 ) (see the review by Nonomura et al. 2010) . Two cultivated species, O. sativa L. and O. glaberrima, are thought to have originated from wild ancestors Asian O. rufipogon and African O. barthii, respectively (Khush 1997 , Oka 1988 . These four species and another three wild species, the socalled O. sativa complex, shares a chromosomal set classified as the AA genome. Another large complex, the O. officinalis complex, contains nine wild species with diploid BB, CC, EE and tetraploid BBCC and CCDD genomes. Six species with FF, GG, HHJJ and HHKK genomes are known as the species most distantly related to AA genome cultivars (Guo and Ge 2005 , Joshi et al. 2000 , Nishikawa et al. 2005 . Many of these wild species are the donors of useful resistance genes (Brar 1997) . The National Institute of Genetics (NIG), Mishima, Japan, maintains more than 1,700 accessions of 19 wild species of rice collected from tropical and subtropical areas all over the world (Miyabayashi et al. 2007 ). Information on all accessions is available online at the Oryzabase web site (http://www.shigen.nig.ac.jp/rice/oryzabase/top/ top.jsp). According to the available information on natural habitats and phenotypic and genetic data, 282 accessions have been selected as a core collection from each wild species to represent the genetic spectrum of the entire set of NIG accessions. Thus, the wild Oryza accessions of the NIG core collection include a substantial diversity of characters responsible for panicle branching.
In this study, we used accessions of wild Oryza species from the NIG core collection, and show the interspecific diversity of panicle branching patterns in the genus Oryza and intraspecific diversity in O. rufipogon. We discuss the evolution of panicle branching pattern in the genus Oryza and the potential of panicle branchiness of wild relatives for improving the yield of rice cultivars.
Materials and Methods

Plant materials
The NIG core collection of wild relatives of rice is divided into three ranks: rank 1 consists of 44 accessions, rank 2 of 65 accessions, and rank 3 of 173 accessions. In this study, 41 accessions of rank 1 and two accessions of rank 2 were used for analysis of interspecific diversity. Twenty-seven accessions of O. rufipogon were used for analysis of intraspecific diversity. In both analyses, O. sativa L. cv. Nipponbare was used as a standard variety for japonica cultivars and cv. Kasalath was used as a standard variety for indica cultivars. In interspecific analysis, Rhynchoryza subulata was used as an outgroup species.
Seed dormancy was broken by heating at 42°C for 1 week. Seeds were dehusked and germinated on wet paper. Germinated seeds were transplanted into pots in the middle of April and grown in the field. In the middle of July, pots were transferred into a short day field under conditions of 11.5 h day length. Mature panicles were investigated at the end of August. The average temperature is about 30°C during the day and 22°C at night during the summer in Mishima, Shizuoka, Japan.
Observation of plant morphology
Ten mature panicles from two individuals per accession were used for analysis of panicle morphology in Oryza species. Fifteen mature panicles from three individuals per accession were used for analysis of O. rufipogon accessions. Measured parameters were the spikelet number per panicle, the PS and PB numbers per panicle, the SS and SB numbers per PB, the TS and TB numbers per SB, the QS number per TB, the rachis length and the PB length. The panicle and tiller numbers at 24 weeks after sowing and the weight of 20 seeds were also measured to assess their importance in improving the rice yield.
Results
Three patterns of panicle branching found in the genus Oryza
To understand the basic appearance of highly branched panicles in the genus Oryza, we counted the primary spikelet (PS) number per panicle and the secondary spikelet (SS) number per primary branch (PB) in 43 accessions of 19 Oryza species. To focus on panicle branching patterns, we regarded all intervals between neighboring branches as identical, while actual lengths of the intervals were diverse among panicles, individuals, accessions and species. Thus, the panicle shape, which was described as conical, truncated conical or cylindrical in this study, represents the approximate shape of the branching pattern, and does not necessarily corresponded to the actual shape of panicles. Fig. 1 . Diagram of a rice primary branch. The spikelet attached directly to the rachis or at the distal tip of primary branches is a primary spikelet (PS). The spikelet attached directly to primary branches or at the tip of secondary branches is a secondary spikelet (SS). In the same manner, the spikelet at a higher order of branching is a tertiary spikelet (TS) or a quaternary spikelet (QS). Secondary peduncle is a term for the secondary spikelet attached directly to a primary branch.
Within the Oryza sativa complex, cultivated species O. sativa cv. Nipponbare and cv. Kasalath have a PS number of 11 or 12 per panicle, and an SS number per PB ranging from 6 to 8 in Nipponbare, and 9 to 11 in Kasalath (Table 1) . The SS number of each PB was almost identical in the panicle, resulting in a cylindrical shape of the panicle (Supplemental Table 1 and Fig. 2A) . In six accessions of Asian O. rufipogon, panicles had PS numbers ranging from 5 to 10, slightly smaller than that in cultivars (Table 1 and Supplemental Table 2 ). In O. rufipogon, the SS number of each PB was also identical in the panicle, being cylindrical as in the cultivars (Supplemental Table 1 and Fig. 2B ) except for W1921. In W1921, the SS number declined acropetally from a proximal value of 7 to a distal value of 2, resulting in a truncated conical shape of the panicle (Table 1 Table 1 ). In particular, the tetraploid O. grandiglumis accession W1194 from Brazil exhibited the maximum PB number of all species observed in this study (Table 1 and Fig. 2H ). In species of the O. officinalis complex, the SS numbers per PB tended to be larger than in those of the O. sativa complex (Table 1 and Supplemental  Table 1 ), and tended to decline acropetally, resulting in a truncated conical shape .
In five wild species distantly related to the AA species and classified into the FF, GG and HHJJ genomes (FGHJ species), the panicle shape was quite distinctive from those of species in the O. sativa and O. officinalis complex. The SS number of each PB declined abruptly and acropetally, and, intriguingly, it reached to zero at the distal end of the panicle (the SS number "0" in Table 1 ), indicating that at each PS position, a single PS was directly formed on the rachis without any SSs. This type of branching is called a "primary peduncle". Peduncle is the terminology given as a name for a panicle branch generating a single spikelet (Fig. 1) . In contrast to the distal region, the proximal region of the panicle frequently formed the tertiary branches (TBs) in addition to SBs (Supplemental Table 2 ). In these FGHJ species, not only the approximate, but also the actual appearance of the panicle became conical (Fig. 2J-2L ). The conical shape of the panicle was also observed in the outgroup species Rhynchoryza subulata ( Table 1 ), suggesting that the conical shape is characteristic of an ancestral type of panicle in wild Oryza species.
The conical shape of panicles found in FGHJ species was further diversified in its ratio of the height to basal width. The panicles of O. brachyantha accessions had larger PS numbers in the panicle and smaller SS numbers on the PBs (Table 1) , resulting in a conical, but more slender shape than that of the other FGHJ species, both approximately and actually (Table 1 and Fig. 2J ).
The diversity of panicle shape in the genus Oryza seemed to be mainly attributable to differences in the timing or mode of termination of the rachis meristem. The vestige of the rachis meristem, which was observed in all panicles in O. sativa and O. officinalis complex species (arrowheads in Fig. 2A-2I ), could not be found at the distal end of the rachis in distantly related FGHJ species ( Fig. 2J-2L ). These observations clearly indicate that the rachis meristem is not aborted, but rather converted into a rachis-terminal spikelet meristem in FGHJ species.
Intraspecific diversity of panicle branching pattern in O. rufipogon O. rufipogon is distributed widely in monsoon Asia. The adaptation of O. rufipogon, particularly to different hydrological regimes, has resulted in distinct annual and perennial ecotypes. The perennial ecotype shows a high outcrossing rate and low seed productivity, and has higher gene diversity than the annual ecotype (Vaughan et al. 2003) . In addition, O. rufipogon species are good gene resources for the rice breeding, because it is easy to obtain the progeny of the hybrid plant with cultivated species O. sativa. Thus, to improve rice yield, it will be worthy to reveal the intraspecific diversity of panicle branching pattern in O. rufipogon.
Here, we counted the PS number per panicle and the SS number per PB in 27 O. rufipogon accessions, which included 14 annual, 12 perennial and one undefined ecotype strains (Table 2 and Supplemental Table 3 ). In O. rufipogon, the PB number and the SS number were smaller than that in cultivars (Table 2) . Consequently, the spikelet number per panicle was much smaller in all accessions than in cultivars (Supplemental Table 3 ). The panicle shape could be classified as a cylindrical type in 20 of 27 accessions, while it was a truncated conical type in 2 annual and 5 perennial accessions (Supplemental Table 4 and Fig. 3 ), suggesting that some O. rufipogon accessions, especially perennial types, still maintain genetic diversity in panicle branching patterns.
Interestingly, in several O. rufipogon accessions with cylindrical panicles, the SS numbers were identical for proximal and distal PBs (W0106, W1807, W0137, W0593, W1681, W1685 and W1294 in Table 2 ). This observation suggested that the panicle shape has been further diversified among O. rufipogon accessions with cylindrical panicles, and some of these species were able to develop panicles with a complete cylindrical shape.
Secondary and higher-order branching is responsible for spikelet number in rice panicles The spikelet number per panicle is one of the most important characteristics for improving rice yield. Thus, to reveal which factors involved in panicle branching are responsible for higher yield, we dissected the characteristics of panicle branching into eight elements, measured the value of each element in 43 Oryza accessions and an outgroup species R. subulata (Supplemental Table 1 ), and calculated their correlation coefficients (Supplemental Table 5 ). In addition to eight elements related to panicle branching, we measured the additional values of rachis length, PB length, panicle number per plant, tiller number per plant and 20-seed weight because of their close relation to yield.
This analysis revealed that three elements were strongly and positively correlated with the spikelet number per panicle: (1) SS number per PB, (2) secondary branch (SB) number per PB, and (3) tertiary spikelet (TS) number per SB (r = 0.79, 0.89 and 0.84, respectively, in Supplemental Table 5 ). This tendency was also observed in intraspecific comparison of O. rufipogon accessions (Supplemental Table 6 ). These results suggest that the branching ability of the panicle meristem is correlated with that of its lateral meristem, and that enhancement of higher-order organ formation would be effective in increasing yield in the genus Oryza. If this suggestion is true, it would be odd to find the number of primary organs (PSs and PBs) to be independent of those of the higher-order organs in inter-and intraspecific comparisons (Supplemental Tables 5 and 6 ). However, when the correlation was calculated for FGHJ species with conical panicles, separately from other species, the primary organ numbers also showed a clear correlation with the A n n u a l W 0 S r i L a n k a 6 6 6 6 6 6 6 6 W 0 1 3 7 I n d i a 6 6 7 7 7 7 7 W0593 Malaysia nd 5 6 7 7 7 7 W 0 6 1 0 M y a n m a r 6 6 6 7 6 6 7 7 6 6 W1551
Thailand 5 Thailand 6 6 6 6 6 7 7 6 6 6 W1865 Thailand 5 6 6 6 6 6 5 5 P e r e n n i a l W 0 1 2 0 I n d i a n d 5 6 5 6 6 5 W 1 2 9 4 P h i l i p p i n e s 5 6 6 6 6 6 6 W1921 Thailand 6 7 7 7 7 7 6 6 5 4 3 2 W 1 2 3 6 N e w G u i n e a 7 7 7 7 7 7 6 6 W 1 9 4 5 C h i n a 6 6 7 6 6 6 5 W 2 0 5 1 B a n g l a d e s h a Secondary spikelet numbers were counted on each primary branch as described in Table 1 . nd: There was no data because the primary branch on the bottom node was vestigial. higher-order organ numbers (Supplemental Table 7 ). A critical difference between the conical panicle and the truncated conical and cylindrical ones is that the rachis meristem is not aborted, but is converted into a rachis-terminal spikelet meristem (Fig. 2) . Taken together, these observations strongly suggest that the branching ability of the subordinate lateral meristem is originally proportional to that of its master meristem for all orders of panicle branching, as in FGHJ species. The full ability of the rachis meristem may be reduced and masked due to abortion and truncation of further primary organ formation from the rachis meristem, and the correlation of the primary organ numbers with the higher-order organ numbers would be corrupted in species with cylindrical and truncated conical panicles. In interspecific comparisons, the primary organ numbers per panicle were weakly correlated with the spikelet number per panicle (r = 0.54 and 0.62, respectively, in Supplemental Table 5 ). In addition to panicle branching traits, the panicle and tiller numbers per plant were negatively correlated with the spikelet number (r = −0.34 and −0.37, respectively, in Supplemental Table 5 ). This negative correlation was also observed in intraspecific comparisons (r = −0.44 and −0.46, respectively, in Supplemental Table 6 ).
Diversity of secondary peduncle and branch formation on primary branch in O. rufipogon
The secondary spikelet that is formed directly on the PB is called the "secondary peduncle (SP)" (Fig. 1) . In all Oryza species, SPs are formed at the distal region of each PB. The SB number per PB correlated strongly with the spikelet number per panicle (Supplemental Table 5 and 6), suggesting the importance of efficient panicle branching in improving rice yield. If the SPs could be replaced with SBs, higher yield would be expected. Thus, to understand the underlying mechanism specifying the secondary branching ability of PB meristem, we examined the SP number per PB in relation to the SS number per PB in O. rufipogon (Fig. 4 and Supplemental Table 8 ).
The SS number is the sum of the SP and SB numbers (Fig. 1) . In the two cultivars observed, the SP number was fixed at 5 or 6, while the SB number on each PB increased in proportion with the increment in the SS number (Supplemental Table 8 , Fig. 4A and 4B ). In contrast, in O. rufipogon, the SP number ranged between PBs, and the accessions were grouped into three types according to the maximal SP number. In 16 accessions, the maximal SP number was 6 (type I in Supplemental Table 8 , Fig. 4C and 4D) . In 8 accessions, it was 5, the same as in the cultivars (type II in Supplemental Table 8 ). In the remaining two accessions, W2078 and W2109, it was 4 (type III in Supplemental  Table 8 ). However, various ranges of the maximal SP number did not seem to represent a critical difference in the system determining the SP number between cultivars and O. rufipogon. Rather, the ability of SP formation seemed to be unified in O. rufipogon also, but an extremely shorter span of PB development than in the cultivars resulted in precocious termination of SP formation before reaching its maximum number. Even in related wild species, it was difficult to identify a clear genetic diversity for enhancing SB formation in place of SP, while the maximal number of peduncles differed slightly among O. rufipogon accessions.
Discussion
A conical panicle is ancestral in the genus Oryza
One of the most remarkable findings of this study was that panicles of all FGHJ species lack the rachis meristem abortion (Table 1 and Fig. 2) . If the branching ability of the main axis meristem is identical to that of the subordinate one, the approximate shape of panicle becomes conical (Fig. 5A) . Matsuba (1991) observed the panicle branching patterns in several rice cultivars, and revealed that the number and order of branching organs declined acropetally step by step in PBs and that they declined acropetally one by one in some regions of PBs. Thus, he concluded that the rice panicle originally had a branching pattern with an acropetally one-by-one declining number and order of organs, resulting in a conical shape (Fig. 5A ). This branching pattern is a phyllotaxical variation of dichotomous branching, which is an aerial branching system observed in the most primitive vascular plants (Gifford and Foster 1989) . Actually, this study also revealed that another grass species R. suburata had a conical panicle (Table 1 ). In addition, several researchers have reported that the truncated type of inflorescence associated with the abortion of the main axis meristem (rachis meristem in rice) evolved from an inflorescence without abortion in grasses (Clayton and Renvoise 1986 , Rua 1996 , Stebbins 1982 . Along with several phylogenetic studies suggesting FGHJ species are ancestral in the genus Oryza (Guo and Ge 2005 , Joshi et al. 2000 , Nishikawa et al. 2005 , these observations suggest that the conical panicle is plesiomorphic in the genus Oryza (Fig. 5B) .
Good correlation between the primary organ numbers and the higher-order organ numbers in the conical panicles (Supplemental Table 6 ) suggests that the branching ability of lateral meristem is originally proportional to that of its master meristem in all orders of branching in rice panicles. This study also suggests the possibility that rachis meristem abortion masks the correlation. These observations are consistent with previous reports that the cell division activity of rachis mersitem correlated with the numbers of secondary and higher-order organs on PBs in cultivars (Mu et al. 2005) , and the size of PB meristem correlated with the numbers of secondary and higher-order organs on PBs in cultivars (Fukushima 1999) . Thus, the cell division activity of the rachis meristem might be a potential determinant of the branching ability of PB meristem through controlling the size of PB meristem in all Oryza species.
The accessions of FF genome O. brachyantha had a slenderer conical panicle than the other FGHJ species (Table 1) . In this panicle, SS formation on PBs was relatively homogenous along the rachis axis (Supplemental Table 1 ), as observed in the truncated conical panicles of O. sativa and O. officinalis complex species. Rua (1996) suggested that the non-truncated panicle with homogeneous primary organs could be set up as an intermediate step between conical and truncated types of inflorescence in grasses. Thus, the slender conical panicle like that found in O. branchyantha may be Fig. 5 . Schemes of the panicle branching patterns in the genus Oryza. (A) A branching pattern of the rice panicle in the case that all panicle meristems demonstrate their full branching abilities without any restraint factors, described by Matsuba (1991) . In this panicle, the SS number on each PB declines acropetally one by one. In the same manner, within each PB, the TS number on each SB declines acropetally one by one. As a result of this behavior being applied to all higher-order branches, the panicle exhibits a branching pattern with an acropetally one-by-one declining number and order of organs, with a conical shape. (B) Model of the evolutionary course of panicle branching pattern in the genus Oryza. The areas within the solid lines indicate the panicles. The vertical lines indicate the rachises. The height represents the branching ability of rachis meristem (the PS number per panicle). The width represents the branching ability of PB meristem (the SS number per PB). The light gray area represents SB formation on PBs. The dark gray area represents TB formation on SBs. The conical panicle like that in the GG and HHJJ species seems to be plesiomorphic. In this type of panicle, the branching ability of PB meristem is at first strong, resulting in TB formation at the proximal region of panicle, but it abruptly declines acropetally. In the tall conical panicle, like that in the FF species, the branching ability of PB meristem is not strong at first, which results in the lack of TB formation, but it is moderately maintained to form a lot of primary organs. The common ancestor of O. sativa and O. officinalis complex (AA~EE) species increased the branching ability of rachis and PB meristems, and acquired rachis meristem abortion to form a truncated conical panicle. Among these species, some species and accessions again have moderated the reduction in the branching ability of PB meristem, resulting in the formation of a cylindrical panicle.
an intermediate type between conical and truncated conical panicles (Fig. 5B) .
A moderate reduction in PB meristem activity along the rachis axis enhances secondary branching at the distal region of panicles in the O. sativa and O. officinalis complexes O. sativa and O. officinalis complex species had truncated conical and cylindrical panicles with rachis meristem abortion, which as mentioned above, suggests that these truncated types of inflorescence are derived from a conical panicle like that in FGHJ species (Fig. 5B) . In truncated panicles, the secondary organ formation on PBs is enhanced at the distal region of truncated panicles (Table 1 and Supplemental Table 1 ). If rachis meristem abortion were eliminated from species with truncated conical panicles, the resultant panicle would form a large number of primary organs than that of ancestral conical panicles, and would have a tall and slender conical shape (shown by broken lines in Fig. 5B ). However, there is a critical difference between conical and truncated panicles. That is, tertiary branching, frequently found at the proximal region of conical panicles in O. longiglumis, rarely occurs in any Oryza species with truncated panicles, despite these species having betterdeveloped PBs (larger SS numbers per PB) at the proximal region than O. longiglumis (Table 1 and Supplemental  Table 2 ). This observation suggests that higher-order branching was inhibited at the proximal region of panicles during the process in which slender conical or truncated panicles were derived from ancestral conical ones (Fig. 5B) .
Thus, from the observations in this study, we propose three events in the evolution of panicle branching pattern in the genus Oryza: (1) the acquisition of advanced branching potential of rachis and PB meristems, (2) the inhibition of higher-order branching at the proximal region, and (3) the acquisition of rachis meristem abortion. These events might have enabled species in the O. sativa and O. officinalis complexes to form truncated or cylindrical panicles with betterdeveloped PBs possessing more secondary organs at the distal region.
The molecular mechanisms controlling the reduction in PB meristem activity have remained elusive. The only mechanism we're aware of is based on study of a loss-of-function mutant of the ABERRANT PANICLE ORGANIZATION1 (APO1) gene. In the apo1 mutant, a cylindrical panicle is converted into a conical one, resulting in the production of several primary peduncles at the distal region of the panicle (Ikeda et al. 2005) , as observed in the FGHJ species in this study. This finding indicates that the APO1 gene is responsible for inhibiting the abrupt reduction in PB meristem activity along the rachis axis in cultivars. The APO1 gene encodes an F-box protein, which is generally regarded as a component of the SCF complex with E3 ubiquitin ligase activity for target protein degradation (Ikeda et al. 2007 ). There is a possibility that the common ancestor of O. sativa and O. officinalis complex species acquired a functional APO1 pathway during its diversification from FGHJ species.
On the other hand, it has been unclear which gene or molecule is critical for the rachis meristem abortion. Several genes have been reported as positive (Huang et al. 2009 , Ikeda-Kawakatsu et al. 2009 , Jiao et al. 2010 , Komatsu et al. 2001 , Miura et al. 2010 , Rao et al. 2008 or negative regulators (Kobayashi et al. 2010 , Takahashi et al. 1998 ) of rachis mersitem activity or PB number in cultivars. However, for these genes, rachis meristem abortion still occurs in loss-of-function mutants or transformants. In the apo1 mutant, the rachis meristem is not aborted, but is converted into a rachis-terminal spikelet meristem (Ikeda et al. 2005) . However, this conversion in the apo1 mutant occurs earlier than abortion in the wild type. The APO1 study and our study may both show that the abrupt reduction in PB meristem activity is the primary characteristic involved in the formation of conical panicles.
The evolution of panicle branching pattern from the conical to the truncated conical type may have profited more progeny. As mentioned above, truncated panicles evolved to inhibit higher-order branching at the proximal region, and to enhance secondary branching at the distal region. In rice cultivars, higher-order spikelets tend to degenerate and be less filled with mature seeds (Kobayasi et al. 1997 , Maruyama et al. 1988 , Yamamoto et al. 1991 . Thus, O. sativa and O. officinalis complex species may adopt a panicle branching system to securely nourish the lower-order spikelets on PBs.
Correlation between panicle branching and domestication O. rufipogon is the wild ancestor of Asian cultivated rice, O. sativa (Khush 1997 , Oka 1988 . Our intraspecific analysis showed that O. rufipogon tends to have cylindrical panicles, while several accessions have truncated conical panicles (Supplemental Table 4 ). Although two cultivated varieties, Nipponbare and Kasalath, had cylindrical panicles in this study (Supplemental Table 2 and 4), several researchers have identified branching patterns resembling the truncated conical panicle in other cultivars , Matsuba 1991 , Sasahara et al. 1985 . Therefore, the diversity of panicle branching patterns seems to have been maintained during the domestication of Asian rice.
Our intraspecific analysis indicated that O. rufipogon accessions have less-branched panicles than cultivars (Table 2  and Supplemental Table 3 ). Among the panicle branching traits, the SB number was smaller in all examined O. rufipogon accessions than in cultivars (Supplemental Table 3 ). In addition, the SB number correlated positively with the spikelet number per panicle in O. rufipogon (this study) and in cultivars (Yamagishi et al. 2003) . These findings suggest the importance of efficient SB formation in place of SPs on PBs for improving rice yield. In this study, however, we could not detect any obvious difference in SP numbers between O. rufipogon and cultivars (Fig. 4 and Supplemental Table 8 ). Only two accessions, W2078 and W2109, had a smaller number of SPs (4.0) than cultivars Nipponbare and Kasalath (5.0). However, several japonica cultivars develop numbers of SPs comparable to these wild accessions (4.3 to 4.5) (Manaka and Matsushima 1971, Matsuba 1991) . To enhance SB formation on PBs, it will be necessary to observe other species in the genus Oryza. Our interspecific analysis showed that O. rufipogon has lessbranched panicles even in the genus Oryza, which implies that panicle branchiness might not have been an indispensable trait at the beginning of Asian rice domestication. The most striking trait of O. rufipogon preferable for domestication is the seed weight. In Asian Oryza species, O. rufipogon had much heavier seeds than other species (Supplemental Table 2 ). Ancient people might have begun to use the heavier seed species, O. rufipogon, as an ancestral cultivar, and to select plants with many-branched panicles in addition to other advantageous domestication traits.
Finally, we found a negative correlation between the spikelet number per panicle and the panicle number per plant in both interspecific and intraspecific analyses (Supplemental Tables 5 and 6 ). Recently, it was revealed that several QTLs between an indica cultivar and O. rufipogon for the spikelet number per panicle and the panicle number per plant were mapped within an overlapping region with contradictory effects (Tan et al. 2008a) . One of these QTLs, PROG1, encoding C2H2-type zinc finger protein, is a domestication gene (Jin et al. 2008 , Tan et al. 2008b . Accordingly, the negative correlation between the spikelet number per panicle and the panicle number per plant would be consistently maintained in the genus Oryza. A breakthrough to overcome this trade-off will be needed for drastic improvement of rice yield.
